Viability-promoting genes such as BCL2 play an important role in human cancer but do not directly cause aggressive tumors. BCL2 transgenic mice develop lymphoma at low frequency, hindering studies of tumorigenesis and its inhibition in the presence of such gene products. MCL1 is a member of the BCL2 family that is highly regulated endogenously and that promotes cell viability and immortalization when introduced exogenously. Mice expressing an MCL1 transgene in hematolymphoid tissues have now been monitored for an extended period and were found to develop lymphoma with long latency and at high probability (more than 85% over 2 years). In most cases, the disease was widely disseminated and of clonal B-cell origin. A variety of histologic subtypes were seen, prominently follicular lymphoma and diffuse large-cell lymphoma. MCL1 thus sets the stage for the development of lymphoma as does BCL2, disease occurring with high probability and recapitulating a spectrum of subtypes as seen in human patients. These findings with the transgene underscore the importance of the normal, highly regulated pattern of MCL1 expression, in addition to providing a model for studying tumorigenesis and its inhibition in the presence of a viability promoting BCL2 family member. (Blood. 2001;97:3902-3909)
Introduction
The BCL2 gene family is involved in the control of cell viability, some family members inhibiting and others promoting apoptotic cell death. 1 These genes also play a role in cancer, 2 as exemplified by their involvement in several types of human leukemia and lymphoma. [3] [4] [5] [6] [7] [8] [9] Follicular B-cell lymphoma is a low-grade, slowly progressing disease, which typically exhibits deregulated BCL2 expression because of the t(14;18) translocation that juxtaposes BCL2 to the immunoglobulin heavy-chain locus. Diffuse large-cell lymphoma is a high-grade, rapidly progressing disease that also frequently exhibits elevated expression of BCL2. 4 Follicular lymphoma eventually undergoes transformation to high-grade, aggressive disease. 10 In addition to these 2 prevalent disease manifestations, a variety of other lymphoma subtypes occur, 11 and the disease can be of B-cell, T-cell, or indeterminate phenotype.
The process of tumor development and evolution in the presence of antiapoptotic gene products such as BCL2 is not fully understood. Notwithstanding its involvement in cancer, BCL2 rearrangements are seen in nontumorigenic cells at low frequency. [12] [13] [14] In addition, elevated levels of BCL2 occur in autoimmune diseases involving lymphocyte activation rather than tumorigenesis (eg, lupus erythematosus 15 ). BCL2 transgenic mice provide parallels to these observations in human disease. These mice initially exhibit enhanced lymphocyte survival and splenic hyperplasia and can develop a lupuslike autoimmune disorder. [16] [17] [18] [19] [20] [21] [22] [23] With long-term observation, a fraction of the mice develop high-grade lymphoma (10% to 25% at 1 to 2 years), and this involves additional clonal genetic changes such as alterations in c-MYC. 20, 21, 24 A key question, which arises from the observations in both human and murine systems, is that of what distinguishes cells that undergo transformation from those that do not. Of further importance is the question of how the events involved in the initiation of indolent disease differ from those mediating progression to high-grade disease, for example how the development of follicular lymphoma differs from subsequent conversion to diffuse large-cell lymphoma. A final critical issue is whether tumorigenesis can be inhibited, either at initial stages or during disease evolution.
The low incidence of tumor formation in BCL2 transgenic mice presents a limitation to studies aimed at further addressing the above questions and at determining whether targeting of viabilitypromoting gene products can inhibit tumor development. The low incidence of tumor formation is not simply a property of a particular BCL2 transgenic line, as it has been consistently seen in lines generated in a variety of laboratories. In addition, the tumors that arise with the BCL2 transgene mice represent largely highgrade lymphoma, rather than a spectrum from low to high grade, which presents another limitation for studies of possible means of intervention at an early stage. BCLX transgenic mice can also develop tumors, but this occurs only after treatment with tumorinitiating and -promoting agents. 25 Extensive studies in which the effects of the BCL2 transgene were evaluated on a variety of genetic backgrounds indicated that the highest incidence of approximately 25% tumor formation occurs in C57BL/6 X SJL hybrid mice. 26 A much higher incidence, and greatly accelerated tumor formation, is seen in mice transgenic for both BCL2 and EMYC. [19] [20] [21] 26, 27 However, such a bitransgenic model represents the engineering of 2 rare oncogenic changes into the same target cell. This may circumvent events important early in tumorigenesis, events of particular interest as potential targets for intervention. The lymphoma that develops in BCL2/EMYC bitransgenic mice is of a rare primitive cell phenotype rather than the subtypes commonly seen in human patients, further suggesting that it may to some extent represent an "engineered" entity. For the above reasons, a transgenic system in which tumors arise in a majority of animals, and recapitulate the spectrum of low-to high-grade disease seen in patients, would facilitate studies on tumorigenesis and its inhibition in the presence of a viability-promoting gene product.
MCL1 is an antiapoptotic BCL2 family member that was discovered as an early response gene in ML-1 human myeloblastic leukemia cells induced to differentiate with 12-O-tetradecanoylphorbol-13-acetate (TPA). 28 MCL1 is rapidly up-regulated and subsequently down-regulated in this system, expression peaking at an early stage of differentiation. 28, 29 MCL1 has since been found to be highly regulated and expressed in a differentiation stage-specific manner in a variety of tissues, including hematopoietic cells of both the lymphoid and myeloid lineages. 30, 31 Accordingly, MCL1 expression can be induced through a variety of growth and differentiation factor-mediated pathways, such as those stimulated by hemopoietins and interleukins. [32] [33] [34] [35] [36] MCL1 transcription is up-regulated through typical early response gene mechanisms, including extracellular signal-regulated kinase-mediated activation of serum response factor/Elk-1. [36] [37] [38] [39] In short, MCL1 is normally expressed at specific stages of hematolymphoid cell differentiation and in response to defined growth and differentiation signals.
Endogenous MCL1 expression as stimulated by growth and differentiation factors is associated with the promotion of hematopoietic cell viability. 33, 34, 40, 41 Conversely, a loss of MCL1 expression often occurs during cell death and differentiation/ developmental arrest. 31, 33, 34, 38 Accordingly, exogenous introduction of MCL1 prolongs the survival of transfected cells under a variety of apoptosis-inducing conditions. 42, 43 However, the prolongation seen with MCL1 is of short-term duration (one to several days) and is less pronounced than that seen with BCL2. As a whole, studies of its function and regulation suggest that MCL1 functions as a gene that can be rapidly up-regulated for short-term viability-enhancing effects.
We have previously described mice that express MCL1 as a transgene in hematopoietic and lymphoid tissues. 44 At up to 6 months of age, these mice display moderate splenomegaly but no gross lymph node enlargement or evidence of lymphoma or other cancers. Hematopoietic cells from these mice exhibit short-term enhancement of cell survival on explantation into tissue culture, providing a parallel to the effect seen in MCL1-transfected cell lines. This moderate effect is seen in both lymphoid (B and T) and myeloid cells at immature as well as mature stages of differentiation. However, when hematopoietic cells from MCL1 transgenic mice are cultured in the presence of interleukin-3 (IL-3) for about a month, immortalized myeloid cell lines invariably arise. This pronounced long-term effect is surprising not only in view of the modest short-term effects of MCL1 but also because immortalization has not been reported for BCL2 or BCLX except with additional oncogenes. 45, 46 Thus, although MCL1 may normally be highly regulated for short-term effects, it can lead to a striking long-term effect-immortalization-when introduced into specific target cells placed in a conducive environment.
Because cell immortalization is a component of tumorigenesis, 47 we wondered whether MCL1 might have a role in tumor development as does BCL2. MCL1 transgenic mice have now been monitored for up to 2 years to address this question. These mice were found to develop lymphoma with long latency (6 months to 2 years) and at high probability (more than 85%). The disease was of clonal origin and had disseminated to multiple lymphoid tissues as well as other organs in the majority of cases (two thirds). A variety of disease subtypes were seen, prominently follicular B-cell lymphoma and diffuse large-cell lymphoma. The MCL1 transgene thus sets the stage for the development of lymphoma, which recapitulates a spectrum of histologic subtypes as seen in human patients. These findings serve to underscore the importance of the normal, highly regulated pattern of MCL1 expression. They further suggest the MCL1 transgenic system as a model for studying tumorigenesis, and its inhibition, in the presence of a viabilitypromoting BCL2 family member.
Materials and methods

Monitoring of MCL1 transgenic mice for lymphoma
Founder mice (C57BL/6 X SJL-F2) expressing the human MCL1 transgene under the control of its 5Ј-genomic flank were described previously. 44 These mice were mated with normal C57BL/6 mice for 1 to 3 generations and were then propagated by serial intercrosses. The transgenic line used was that described previously, in which the other line obtained also exhibited tumor formation. Transgenic mice were identified by Southern blotting 44 . PCR with Taq polymerase involved 1 cycle at 95°C (1.5 minutes), 55°C (1 minute), and 72°C (1 minute); 25 cycles at 94°C (1 minute), 55°C (1 minute), and 72°C (1 minute); a delay at 72°C (7 minutes) followed by cooling to 4°C. This process results in amplification of an approximate 1-kilobase (kb) fragment representing the human MCL1 transgene, but it does not amplify endogenous mouse MCL1.
The cohort followed for tumor formation included all mice born between May 24, 1994, and July 6, 1997, that were not used in other studies 44 and remained healthy at 6 months of age. This cohort represented 224 MCL1 transgenic and 178 nontransgenic mice. Autopsies were performed on groups of animals on a monthly basis from 6 months to 2 years of age and on all animals remaining alive after that time. The incidence of lymph node disease was calculated for 6-month intervals, and the probability of disease development was estimated by using the Kaplan-Meier method (SAS software; SAS Institute, Cary, NC). A small number of mice were not evaluable or developed other types of tumors. This group included 13 transgenic and 2 nontransgenic mice that died without an autopsy, and 2 transgenic and 3 nontransgenic mice that developed nonlymphoid tumors (hepatocarcinoma or sarcoma). These mice were eliminated from the calculations of tumor incidence and were treated as "censored" without a designation of outcome in the Kaplan-Meier calculations.
Characterization of lymphoma in MCL1 transgenic mice
Western blotting to assay expression of the MCL1 transgene. Previous studies demonstrated expression of the protein product of the MCL1 transgene in the spleen and lymph nodes of transgenic mice examined prior to the development of lymphoma. 44 Western blotting was used to check that the transgene was expressed in the lymphomas reported here. To this end, lymphoma tissue was collected at autopsy, was sliced into small pieces using a razor blade, and was strained through plastic mesh (210 m; Spectrum, Houston, TX). The cells obtained were then washed with cold phosphate buffered saline (PBS) and were assayed for cell number by hemacytometer. 48 Gel electrophoresis and immunoblotting were carried out as in previous work, 43 except that a monoclonal mouse antihuman MCL1 antibody was used at a dilution of 1:5000 (antibody preparation described below). After probing with the anti-MCL1 antibody, blots were reprobed for expression of Bcl-2 using previously described methods 43 or for expression of Bax using an antibody from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-MCL1 monoclonal antibodies were prepared as described 49 by using bacterially produced human MCL1 as the immunogen. To prepare MCL1 protein for use as an immunogen, a bacterial expression vector was constructed that encoded human MCL1 lacking the carboxyl hydrophobic tail of 23 amino acids (ie, encoding MCL1 amino acid residues 1-327 28 ), linked in frame to an N-terminal His tag. The predicted sequence of the resultant His-MCL1⌬C fusion protein is MGSSHHHHHHSSGLVPR-GSHRRASNMFGLKRNAVIGLNLYCGGAGLGAGSGGATRPGGRLL-ATEKEASARREIGGGEAGAVIGGSAGASPPSTLTPDSRRVARPPPIGA-EVPDVTATPARLLFFAPTRRAAPLEEMEAPAADAIMSPEEELDGYEP-EPLGKRPAVLPLLELVGESGNNTSTDGSLPSTPPPAEEEEDELYRQSL-EIISRYLREQATGAKDTKPMGRSGATSRKALETLRRVGDGVQRNHE-TVFQGMLRKLDIKNEDDVKSLSRVMIHVFSDGVTNWGRIVTLISFG-AFVAKHLKTINQESCIEPLAESITDVLVRTKRDWLVKQRGWDGFVE-FFHVEDLEGGS, where the 26th amino acid residue represents the initiator methionine of MCL1. 28, 39 The vector used for this construct was pET-15b (Novagen, Madison, WI). The antibody produced has been used in previous studies and recognizes the MCL1 protein expressed in human ML-1, HL-60, and BL41-3 cells 39, 50 ; however, no cross-reacting bands representing endogenous murine MCL1 were detected using spleen or bone marrow from nontransgenic mice.
Flow cytometric analysis of cell surface marker phenotype. Lymphoma cells, or cells from normal lymph nodes as controls, were harvested as above and assayed for the expression of cell surface markers by flow cytometry (FACSCAN; Becton Dickinson, San Jose, CA) using previously described methods. 44 Isotype-matched, fluorochrome-conjugated unreactive antibodies were used to set the nonspecific background fluorescence, and single color-positive antibodies were used to adjust the compensation. For each sample, 10 000 cells were assayed. The data obtained were analyzed using CellQuest software (Becton Dickinson).
Assay for immunoglobulin heavy-chain gene rearrangement to assess clonality. Genomic DNA was isolated from lymphoma samples, spleen or liver, and was subjected to gel electrophoresis and Southern blotting using standard methods. 51 The probe used represents the J H region of the murine immunoglobulin heavy-chain gene 52 and was obtained from Dr Bonnie Blomberg (University of Miami, Miami, FL). The J H insert was excised from the pGEM4Z plasmid (Promega, Madison, WI) by double digestion with XbaI and EcoRI, was gel purified, and was radiolabeled using the random priming method. 53 Southern blotting of lymphoma samples with this probe can be used to assess whether only the germline (unrearranged) immunoglobulin heavy-chain gene locus is detected or whether other rearranged bands are also present; such additional bands indicate the presence of B cells with a uniform rearrangement pattern and is suggestive of a clonal origin.
Results
MCL1-induced enhancement of cell viability sets the stage for lymphomagenesis
Previous studies of MCL1 transgenic mice at younger than 6 months of age did not identify any animals with grossly enlarged lymph nodes or tumors. 44 We have now followed a cohort of animals for up to 2 years, because tumorigenesis induced with BCL2 occurs after a long latency period. 20, 24 About 27% of the MCL1 transgenic animals autopsied at 6 to 11 months of age exhibited massive lymph node enlargement (0.5 to 3 cm in length) that was subsequently found to represent lymphoma (see below). Such an effect was not seen in nontransgenic controls examined within this time frame. The incidence of pathologic lymph node enlargement increased with age, reaching values of approximately 50% in transgenic animals examined at 18 to 23 months and approximately 65% at 2 years, as compared with 2% to 12% in nontransgenic controls. In two thirds of affected transgenic mice, multiple disseminated lymph nodes (eg, in the mesenteric, renal, mediastinal, and cervical areas) and the spleen were involved, and lymphoid infiltrates were often found in other tissues (eg, liver, lung, and kidney) ( Table 1 ). In the remaining one third of affected transgenic animals, disease was localized to mesenteric lymph nodes or presented as extranodal lymphoma in the gastrointestinal tract. This latter finding was reminiscent of the localized disease seen in a proportion of BCL2 transgenic mice. 24 In the rare nontransgenic animals that were affected, disease was also restricted to mesenteric lymph nodes or to the gastrointestinal tract ( Figure 1A) . As estimated by using Kaplan-Meier plots ( Figure  1A) , the overall probability of developing pathologic lymph node disease was 88% in transgenic animals, with the probability of developing disseminated disease being 60%. In contrast, the probability of developing lymphoma was low (approximately 10%) in nontransgenic controls as in other studies, 54, 55 and these animals did not demonstrate disseminated disease.
The protein encoded by the human MCL1 transgene was specifically expressed in the lymphoid lesions that developed in transgenic animals ( Figure 1B ). Expression levels were as high as, and generally higher than, those present in lymphoid tissues of disease-free transgenic animals. However, these levels were not as high as those seen on stimulation of ML-1 cells with TPA and, thus, were not outside the range that can be attained endogenously. Comparable, moderate, endogenously attainable levels have previously been shown to promote cell viability. 43, 44 In sum, although *The number of mice in which a particular site was involved is indicated in parentheses.
†In one mouse, the histopathology could not be definitively distinguished as being follicular lymphoma versus florid hyperplasia.
‡In tumors of indeterminate origin, immunohistochemistry did not reveal unequivocal staining for either B-or T-cell markers, or was not carried out.
§Tumor cells were CD4 ϩ CD8 ϩ by flow cytometric assay.
MCL1 does not immediately cause obvious lymph node pathology, 44 levels that promote cell viability set the stage for lymphomagenesis, which is overtly manifest as massive lymph node enlargement.
Lymphoma in MCL1 transgenic mice is predominantly of clonal B-cell origin and represents a spectrum of histologic subtypes
The lymph nodes from diseased MCL1 transgenic mice were assessed for histopathology and the expression of B-and T-cell markers. Examination of 18 cases of disseminated disease revealed a spectrum of histologic subtypes ( Figure 2 and Table 1 ). The major subtype observed was diffuse large-cell lymphoma (9 of 18 cases; Figure 2B and Table 1 ); the morphology of these lesions was similar to the high-grade disease as seen in human patients in which BCL2 is frequently overexpressed. 4 Other MCL1 transgenic mice demonstrated follicular lymphoma (Figure 2A ), similar in morphology to the human disease associated with BCL2 rearrangement. Some of the latter cases contained areas of diffuse large-cell lymphoma, suggesting disease progression (a total of 5 of the 18 cases had a follicular histology, and 2 of these contained areas with a diffuse histology [ Table 1 ]). The remaining cases of disseminated disease exhibited a polymorphic cytology consisting of a heterogeneous mixture of small and large lymphocytes (4 of 18 cases; Figure 2C and Table 1 ). Some of these lesions contained expanded, coalescent nodules or remnants of a nodular structure, whereas in others the normal lymph node architecture was largely effaced. These tumors generally exhibited weak immunohistochemical staining for leukocyte common antigen or the B-cell marker CD45R but did not stain for the T-cell marker CD3. Although these tumors remain to be further characterized, they were found to exhibit clonal rearrangements of the J H locus (see below). They thus did not simply represent atypical hyperplasia as can occur in human post-transplant lymphoproliferative disorders that have a somewhat similar appearance. 56 In addition to examining disseminated disease as representing the majority of cases, we examined a limited number of transgenic mice with localized disease (Table 1) . A variety of disease subtypes were again seen, with diffuse large-cell lymphoma being the major but not the only subtype observed (3 of 7 cases; Table 1 ). One of these cases consisted of T-cell lymphoma (Table 1) , whereas all other cases were of B-cell For personal use only. on August 31, 2017. by guest www.bloodjournal.org From or indeterminate origin. Taken together, these findings in MCL1 transgenic mice suggest parallels to human lymphoma in that a spectrum of disease subtypes arose, follicular lymphoma and diffuse large-cell lymphoma figuring prominently.
Cells from the diseased lymph nodes of MCL1 transgenic mice with diffuse large-cell lymphoma, the major disease subtype observed, were characterized for cell surface marker expression ( Figure 3A-C) . In agreement with the histopathologic diagnosis, cells with increased forward scatter were seen, both in a case of localized disease and-even more prominently-in a case of disseminated disease ( Figure 3A , middle and left panels, respectively). B cells (B220 ϩ ; Figure 3B ) were markedly increased relative to T cells in the animal with disseminated disease. In addition, a proportion of the B cells present exhibited reduced staining for cell surface IgM ( Figure 3C ). These IgM Ϫ B cells were prominent on gating on the large-cell population seen on dot plots, and they constituted the majority of the large cells in the case of disseminated disease ( Figure 3C , upper left quadrant, percentages in parentheses). Additional tumors examined also exhibited IgM Ϫ B cells ( Figure 3D ). In contrast, no remarkable changes were seen in a variety of other cell surface markers: The B220 ϩ cells present did not express CD5 ( Figure 3B) or IgG (not shown), and no significant alterations were seen in markers typical of immature cells (CD34, Sca1, and c-kit; Figure 3D ). As in human B-cell lymphoma, 57 T cells were present to varying extents, and extensive hyperplasia was seen histologically along with lymphoma in some cases. Overall, the lymphomas that arose in MCL1 transgenic mice contained B cells that lacked expression of cell surface IgM but did not exhibit an increase in immature markers such as CD34.
Peripheral blood and bone marrow samples from transgenic animals were also examined for evidence of leukemia. Peripheral white blood cell (WBC) counts averaged 10 000 WBC/L in 4 transgenic animals with disseminated lymphoma, as compared to a value of 6000 WBC/L in 8 nontransgenic controls (coefficient of variation equals 15% to 18%). These values are in the normal range in both cases, and the moderate elevation in transgenic animals was (u) , or nontransgenic controls (Ⅺ), were assayed for cell surface markers characterizing lymphoid (B220, IgM, CD3, CD5), myeloid (CD11b), and immature (Sca1, CD34, c-kit) cells. The values shown represent the mean Ϯ SE, where 4 animals per group were tested for the lymphoid and myeloid markers (the animals in the left and right columns along with 3 additional pairs in which the transgenic animals had polymorphic lymphoma) and 3 transgenic and 2 nontransgenic animals were tested for immature cell markers. IgM Ϫ B220 ϩ cells represented 64% of the total B220 ϩ population in the diseased transgenic lymph nodes (Ϯ 4% SE; n ϭ 4), as compared with a control value of 13% (Ϯ 2%). This difference was significant (P Ͻ .02; analysis of variance with Sheffee testing), whereas comparisons with the other markers were not.
of borderline statistical significance (P ϭ .055). Histopathologic examination of bone marrow sections from the femurs of an additional 7 mice with disseminated disease likewise did not reveal the presence of leukemia, although deposits of lymphoma were seen in 5 cases (Table 1) . In previous studies, bone marrow aspirates from nontumor-bearing MCL1 transgenic mice were found to exhibit a modest increase in the ratio of monocytic/Blymphocytic cells, as assayed by flow cytometric cell surface marker expression (eg, an approximate 1.7-fold increase in the CD11b/B220 ratio 44 ). In conjunction with the present work, bone marrow aspirates were examined from 2 mice with disseminated disease and from 2 nontransgenic controls; beyond the previous finding, 44 no further marked differences were seen on flow cytometric assay of B220, CD11b, Gran1, CD3, Thy1.2, CD34, c-kit, and Sca1. Overall, examination of blood or bone marrow samples from a total of 13 transgenic animals did not reveal evidence for leukemia, although further studies are necessary to rule out the possibility that leukemia could have occurred in a proportion of the MCL1 transgenic population but not the sample tested here.
In any particular MCL1 transgenic mouse with disseminated disease, a similar histopathologic process was seen on examination of the diseased lymph nodes from different locations, the spleen, and lymphoid infiltrates in solid tissues. It thus seemed likely that these might represent the outgrowth and dissemination of clonally derived cells. To test for clonal B-cell outgrowth, Southern blotting was performed by using an immunoglobulin heavy-chain J H region probe. This assay detects a band corresponding to the germline heavy-chain gene in polyclonal populations of B cells, and additional rearranged bands arise when cells with specific immunoglobulin rearrangements grow out as clones. Thus, this assay can be used to assess the transition from polyclonal to oligoclonal and monoclonal proliferation that occurs during the progression from hyperplasia to lymphoma. 58, 59 Along with the unrearranged germline band, the disseminated lesions from MCL1 transgenic mice contained one to several rearranged, clonally derived bands ( Figure  4 ). Lesions from different locations within the same animal exhibited the same rearrangement pattern (Figure 4 , lanes 3-5 and 9-12), whereas lesions from different animals exhibited different patterns as expected. Thus, except for one case of T-cell lymphoma (Table 1) , the lymphoma that developed in MCL1 transgenic mice appeared to arise from clones of B cells.
Discussion
In monitoring these transgenic mice for tumor formation, we could not anticipate a possible outcome based on previous findings with MCL1. On one hand, transfection with MCL1 produces short-term effects less pronounced than those of BCL2. 42 On this basis, MCL1 might be expected to have little effect on tumorigenesis, because BCL2 results in tumor formation in only a fraction of transgenic animals. 17, 18, 20, 21, 24, 26 On the other hand, the MCL1 transgene facilitates the immortalization of specific cell types placed in a conducive growth environment. 44 On this basis, MCL1 might be expected to have a significant effect on tumorigenesis, which involves immortalization along with changes in oncogenes and tumor suppressor genes. 47 The second of these expectations appears to be the case, as lymphoma develops after a long latency with MCL1 as with BCL2 but does so at high probability.
BCL2 and other family members, including MCL1, are increasingly being found to play a role in various types of human leukemia and lymphoma. [3] [4] [5] [6] [7] 60 In fact, follicular lymphoma, in which BCL2 was first identified in the t(14;18) chromosome translocation, 7 demonstrates alterations in a variety of family members, specifically an imbalance of antiapoptotic BCL2, MCL1, and BCLX to proapoptotic BAX and BAD. 5 It is interesting in this regard that the lymphomas that develop in MCL1 transgenic mice represent a spectrum of histologic subtypes, including follicular lymphoma. Follicular center cell lymphoma is seen in other murine systems, but this frequently exhibits a diffuse rather than a follicular architecture. 58, 61, 62 The follicular lymphoma seen in MCL1 transgenic mice should thus be valuable as a model for identifying events important in the conversion from hyperplasia to this low-grade lymphoma (eg, using microarray technology). Because these mice also develop diffuse large-cell lymphoma, this model should similarly be useful for elucidating events that characterize progression to high-grade disease. Finally, this may represent a model system in which viability-promoting gene products can be targeted as an approach to inhibiting disease development or progression.
The high incidence of lymphoma seen with MCL1 probably reflects characteristics of both the gene product itself and other aspects of the transgenic system. In our previous studies of immortalization in the presence of MCL1, both the target cell and the growth environment appeared critical. 44 A similar principle may hold for tumorigenesis. Thus, one factor contributing to the high incidence of tumorigenesis in this transgenic model could be the target cells expressing the introduced MCL1 gene, as in other systems. 63 We generated these mice with the aim of targeting the transgene to tissues that can normally express MCL1, in particular to myeloid and lymphoid cells, 44 as these would be expected to be sensitive to the effects of altered MCL1 expression. Indeed, enhanced survival was seen in mature cells of both these lineages, -4) , diffuse large-cell lymphoma (lanes 5-7, 9, 11-14) , and polymorphic lymphoma (lanes 2, 8, 10 ). Tissues (LN, lymph node; Sp, spleen; Li, liver) from the same animal are indicated with horizontal overlining. In the animal represented in lanes 5-7, lymphoma was present in the lymph nodes, spleen, and liver. In the animal represented in lanes 11-14, lymphoma was present in the lymph nodes and spleen but had not massively infiltrated the liver. The position of the germline (unrearranged) band is indicated with a G. Tr indicates transgenic.
as well as in various types of immature progenitors. 44 In mice expressing a BCL2 transgene targeted to the lymphoid lineage, in contrast, enhanced survival was seen in maturing lymphocytes but not in immature colony-forming cells. 17 Thus, in the MCL1 transgenic mice, enhanced survival in a broad spectrum of cells, including progenitor cells, may have provided a sizable pool of target cells susceptible to tumorigenesis. Enhanced survival in a spectrum of targets may also account for the fact that a variety of lymphoma subtypes arose. Mice expressing a BCL2 transgene throughout the hematopoietic compartment have been described, 64, 65 and enhanced survival is seen in a variety of cells, including immature progenitors. It will be interesting to learn whether these mice similarly exhibit a high probability of tumorigenesis in a variety of hematopoietic cell types. The levels of transgene expression sustained in the target cells may also contribute to the high incidence of tumorigenesis in the MCL1 transgenic mice. These levels were in the range previously found to moderately enhance cell survival and were not increased beyond levels that can be stimulated endogenously. However, in a variety of cell types, MCL1 is normally expressed in a transient fashion, during specific phases in differentiation or in response to defined growth factors. Thus, tumorigenesis could relate to enforced, constitutive expression, in susceptible target cells, of MCL1 levels that are normally expressed only for defined periods of time and in response to specific signals. Another factor that probably contributes to the high incidence of tumorigenesis is that we used the C57BL/6 X SJL hybrid genetic background previously found to be optimal for the limited tumorigenesis seen with BCL2. 26 The environment provided by this genetic background may be particularly conducive to tumorigenesis in the presence of antiapoptotic gene expression in an appropriate target cell. A final factor to be considered is that the tumors that develop in MCL1 transgenic mice occur after a long latency period and represent the outgrowth of lymphocyte clones. It is likely that these cells undergo additional genetic changes that contribute to tumorigenesis. With BCL2, tumorigenesis is thought to result from the complementary actions of antiapoptotic and proliferation-promoting gene products. [19] [20] [21] 24, 26 Thus, viability enhancement induced by enforced expression of the MCL1 transgene may act together with endogenous signals or genetic changes that stimulate cell proliferation. In an appropriate target cell and environment, these events may allow the development of lymphoma.
Antiapoptotic gene products are normally under close regulatory control. This control is exemplified by MCL1, which is expressed at specific stages of differentiation and in response to defined signals in a variety of tissues. 30 MCL1 is also subject to rapid turnover and other forms of regulation, and it is postulated to have a role as a viability-promoting gene that can be rapidly induced for short-term effects. 66, 67 The present studies underscore the importance of the tightly regulated pattern of MCL1 expression, because alterations in this pattern can contribute to long-term deleterious sequelae such as cell immortalization and cancer. These long-term effects depend on additional conditions, such as the target cell, the growth environment, or additional genetic changes. The complexity of the factors involved may explain why rearrangements and high levels of BCL2 expression can occur in the absence of disease. Overall, the fact that MCL1 transgenic mice exhibit a high probability of developing a spectrum of lymphoma subtypes, including low-and high-grade disease, provides a model for defining the conditions that promote tumor development and evolution in the presence of viability-promoting gene products and for testing means of inhibiting these processes.
